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Rainfall regimes control C-exchange of Mediterranean olive orchard
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A B S T R A C T

We investigated the relationship between Net Ecosystem Exchange (NEE), energy partitioning and the
main climate variables (rainfall, temperature and solar radiation) in a typical Mediterranean rainfed olive
orchard. Eddy covariance measurements covered three contrasting and extreme years, spanning over 90%
of the long-term rainfall variability. Across those years, the olive orchard resulted overall a net carbon
sink (3.6 Mg ha�1 year �1) comparable to several Italian forestry systems. Annual and seasonal NEE was
found to be mostly driven by rainfall regimes and their seasonal variability. More specifically, higher
spring-like rainfall increased both spring and summer NEE. On the contrary, monthly scale NEE was
poorly correlated with rainfall (r = �0.286; p-value = 0.091), whilst good correlations were observed with
air temperature (r = 0.473; p-value = 0.003) and solar radiation (r = 0.541; p-value = 0.001). These results
indicated that temperature and light played an important role in regulating NEE, but rainfall amounts and
timing represent the most important drivers of carbon storage of rainfed olive orchard in dry
environment as Mediterranean basin. Future expected reduction in rainfall pattern, with less rainy days
and longer drought periods especially in the warm season, will decrease the carbon sequestration
capacity of this agro-system, requiring the adoption of agronomic practices aimed at enhancing the soil
water retention capacity.
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1. Introduction

A deep understanding of the factors leading to carbon
sequestration in agro-forestry systems is crucial for identifying
their contribution in a perspective of climate change mitigation.
Eco-physiological characteristics (rates of net primary productivi-
ty, stomata mechanisms, below-ground C transfer integrating with
soil characteristics) and management (tillages, fertilization,
cutting, etc.) can highly affect C-sequestration capacity (Lal,
2004; Seidl et al., 2007; Lindner et al., 2010; Hernandez-Ramirez
et al., 2011; Jones et al., 2014; Kane, 2015). However, it is well
known that climate conditions represent the main driver of carbon
sequestration and biomass growth (Reichstein et al., 2013;
Ahlström et al., 2015). Looking at future climate projections,
predicted changes in temperature and rainfall trends are expected
to lead more extreme climatic conditions compared to present
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(Lenderink and Van Meijgaard, 2008; Jacob and Podzun, 2010;
Kjellström et al., 2011; IPCC, 2013). A joint occurrence of higher
temperatures and drought period is expected to amplify the
impacts on semi-arid ecosystems and, in turn, changes in C-fluxes
dynamics especially over Mediterranean (Vautard et al., 2007;
Haylock et al., 2008; Durao et al., 2010; Rodda et al., 2010; Del Río
et al., 2011).

In Mediterranean basin, while temperature and radiation are
not usually considered as limiting factors for crop growth and
development, water availability is widely recognized to be the key
variable controlling mass exchange and growth (Noy-Meir, 1973;
Chaves et al., 2002; Kwon et al., 2008; Medrano et al., 2009; Jia
et al., 2014). Investigations on the relations between these
ecosystem processes and water availability, made increasingly
clear that temporal variability and extremes in precipitation are
more important than mean conditions (Swemmer et al., 2007;
Heisler-White et al., 2008, 2009; Smith, 2011; Reyer et al., 2012;
Thompson et al., 2013). Both the size and timing of precipitation
can influence ecosystem response in terms of floral and plant
community composition (Li et al., 2015), thus leading spatial and
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temporal variability of the major ecosystem C-flux components
(Chang et al., 2013; Li et al., 2015). Therefore, changes in rainfall
patterns may lead to different ecosystem specific responses in
terms of carbon fluxes and stocks, that need to be assessed
specifically for the most important ecosystems. Among these, olive
orchard is one of the most relevant ecosystems with more than 700
million trees cultivated over 9 Mha. Despite the primary role of
olive orchards within Mediterranean basin concerns agriculture
and, more in detail, the production of olives and olive oil, this
ecosystem can play an important role in climate mitigation due to
its recognized long-term carbon storage capacity in soil and woody
compartments (Nieto et al., 2010; Brilli et al., 2013).

Understanding and quantifying how rainfall can affect olive
orchard C-uptake fills a lack of knowledge, since the majority of
studies was carried out on irrigated fruit systems (Dichio et al.,
2005; Testi et al., 2008; Villalobos et al., 2012; Nardino et al., 2013).
Irrigation, however, is unusual for olive trees. In Italy only 8.7% of
olive trees farms are managed with irrigation systems (ISTAT,
2010), and, while therefore, results from studies carried out on
irrigated olive orchards may not reflect the actual contribution
offered by the large majority of these ecosystems, nor are capable
of assessing the ecosystem response to climate extremes.

In this study, we investigated the relation between GPP (Gross
Primary Production), Reco (Ecosystem respiration), NEE (Net
Ecosystem Exchange) and climate variables in a typical Mediter-
ranean rainfed olive orchard. The study focused on a period of 3
years (2010–2012), that were very contrasting and representative
of the long term 30 years climate variability at the study area,
allowing the investigation of ecosystem response to mean and
extreme rainfall patterns characterized by both positive and
negative anomalies. Annual, seasonal and monthly rainfall
interaction with C-balance dynamics was investigated to finally
assess the capacity of Mediterranean olive orchard to front
increasing occurrence of climate extremes and drought.

2. Materials and methods

2.1. Study area

The study area is located in central Italy (Follonica, 42�560N,
10�460E). According to Thornthwaite’s classification (Thornthwaite,
1948) the area has a mesothermic climate, with high temperatures
and prolonged drought periods in summer and mild winters. The
coldest month is January with a monthly mean temperature of
7.5 �C, while the warmest is August (30.9 �C). The long-term total
annual rainfall average (RAIN-LTA) extrapolated by MARS JRC (JRC/
MARS-Meteorological Data Base–EC-JRC: http://mars.jrc.ec.euro-
pa.eu/) data set for the period 1981–2009 is 626 mm, with rainfall
events mainly concentrated in fall and early spring.

The natural vegetation of the area is typical of the Mediterra-
nean basin. In particular the most common herbaceous species are
Cynodon dactylon, Trifolium campestre, Medicago polimorfa, Picris
hieracioides, and Bromus sp., while the major tree species are
sclerophyllus holm-oak (Quercus ilex L.), cork oak (Quercus suber L.)
and olive trees (Olea europaea L.).

The study site is an adult olive orchard placed at 41 m a.s.l. The
orchard covers about 6 ha and morphology is regular with slight
slope from north to south, containing more than 1500 plants of 4–
5 m in height, while canopy cover is about 25% (Maselli et al., 2012).
Olive trees have all the same age (20) and plant density (7 � 5m).
Soil chemical analysis showed that the orchard consists of clay-
loam textural class (40% silt and 38% clay) with an average pH of 7
whilst, the available water capacity of the study area ranges from
60 to 90 mm/m (FAO/IIASA/ISRIC/ISS-CAS/JRC, 2009).

Agricultural practices consist of inter-row superficial tillage and
fertilization applied once per year (usually in late winter or early
spring) while irrigation is not applied. During the whole study
period (i.e. 3 years from 2010 to 2012), the orchard was plowed
three times at 10 centimeters deep using disk-harrowing: the first
time in early May 2010, the second in February 2011 and the last in
late May 2012. Fertilizer was applied once per year, at the end of
February (2011) or in May (2010 and 2012). Mechanical harvesting
was applied in 2010 and 2012 in November, while in 2011 fruits
were left on the trees due to the extremely low production. Weeds
beneath the trees, litter and residues due to mechanical harvesting
(e.g. leaves, small branches, fruits) were incorporated into the soil
during tillage.

2.2. Eddy covariance data and processing

The eddy covariance (EC) micrometeorological technique was
used to measure fluxes of carbon dioxide (CO2), water vapor (H2O),
sensible heat (H) and latent heat (LE) between the biosphere and
the atmosphere (Baldocchi et al., 1996).

The EC tower was installed in March 2010 and placed in the
central part of the olive orchard. The tower was composed of a
mobile carriage equipped with a 7 m mast, hosting a Metek USA 1
triaxial sonic anemometer and a Licor 7500 open path infra-red
CO2-H2O analyzer. Instruments were installed at 7 m above ground
and 2 to 3 m above canopy top. A battery power supply was used,
charged by 3 solar panels with 90 A/h capacity placed 30 m south
from the tower to maximize solar radiation efficiency. This setup
caused some power outages during wintertime.

Ancillary data, including soil temperature profiles from 5 to
20 cm (thermocouples J and T types), global and net radiation
(CMP3 and NR LITE Kipp & Zonen), air temperature and humidity
(HMP45 Vaisala), and rainfall (rain gauge Davis 7852), were stored
on half-hourly basis on a data logger (Campbell CR10X). Fast eddy
covariance sensors (i.e. sonic anemometer and CO2/H2O IRGA)
were acquired at high frequency (20 Hz) and stored on a handheld
low consumption computer (Matese et al., 2008).

The extension of the area surrounding the tower from where
the observed fluxes originated, was assessed with footprint
analysis made using an analytical model (Hsieh et al., 2000), that
computed footprint distances as a function of wind speed and
direction, atmospheric stability, measurement height and surface
roughness. The area containing 90% of the observed flux, was
computed at an average of 108 � 16 m around the observation
point, that is almost entirely contained within the olive orchard
limits, extending 152 � 26 m in the various directions.

The raw binary files and meteorological data collected by E.C.
tower were processed using Eddy Pro1 Software in Express Mode.
Processing consisted of several steps such as spectral corrections
for flux losses (Moncrieff et al., 1997), despiking procedure for
detecting and eliminating short-term outranged values in the time
series and control tests according to Foken et al. (2004). Gap-filling
and flux partitioning procedures were applied following Reichstein
et al. (2005), providing continuous record of NEE, GPP and Reco.
During the 3 years of experiment some technical issues (i.e. power
supply) did not allow a complete data acquisition. The higher loss
of data were concentrated during periods of low vegetation activity
(i.e. January and February of 2010, January 2011 and 2012, and at
the end of 2012). Such losses did not allow a reliable assessment
and gap filling of fluxes during these periods which, therefore,
were not considered for the analysis (Table 1).

2.3. Statistical analysis

Half-hourly carbon and energy fluxes were averaged in daily,
monthly and annual totals as basis for statistical inference.
Uncertainties associated to each average value were computed
as 95% confidence intervals assuming Gaussian distribution. The
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Table 1
Number of half-hourly data measured by eddy covariance during the period 2010 �
2012. Legend: Num. tot. val. coll. indicates all the collected data; Num. gaps
indicates the data re-built by gap-filling process. For these half-hourly data the
quality classification scheme is: A: best; B: acceptable; C: dubious.

2010 2011 2012 2010–2012

(%) (%) (%) (%)
Num tot. val. coll. 79.54 83.83 60.82 74.73
Num. gaps 20.46 16.17 39.18 25.27

�Category: A 18.87 7.71 18.25 14.94
�Category: B 1.50 3.23 20.62 8.45
�Category: C 0.09 5.23 0.31 1.88

Fig. 1. Rainfall variability range for the period 1981–2012.

Table 2
Growing season (March-October) and annual meteorological data (i.e. cumulated
rainfall, air mean temperature and mean global radiation) of the study area. Data
were reported both as long-term average (LTA, 1981–2010) that specifically for the
three years of measurements (2010, 2011 and 2012).

LTA 2010 2011 2012

Air Temp (�C) Mar-Oct 17.8 18.1 18 19.1
Year 14.8 15.1 15.2 15.5

Solar Rad. (Wm�2) Mar-Oct 225.2 210 231.7 224.1
Year 178.1 162.1 182.8 178.1

Rainfall (mm) Mar-Oct 371 351.2 205.6 309
Year 626 797.2 367.2 624

Table 3
Rainfall amount and D rainfall aggregated over four-months for the 3 years of study
(i.e. 2010, 2011 and 2012) and for LTA. WIN = November, December, January,
February; SPR = March, April, May, June; SUF = July, August, September, October.

Rainfall (mm) Diff. (%)

WIN SPR SUF WIN SPR SUF TOTAL

LTA 255 161.9 209.1 0 0 0 0
2010 446 235 116.2 74.9 45.2 �44.4 25.2
2011 161.6 101.4 104.2 �36.6 �37.4 �50.2 �41.4
2012 315 144 165 23.5 �11.1 �21.1 �2.9
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relation between NEE and weather variables (air temperature,
rainfall and solar radiation) was examined at monthly scale by
computing correlation coefficient (r), coefficient of determination
(r2) and the p-value of Student-t test of equal means. Finally, to
quantify temporal variation in the patterns of relative dynamics a
time lag analysis (TLA) was applied. TLA uses a distance-based
approach to study temporal dynamics by regressors over increas-
ing time lags (i.e. one-unit lags, two-unit lags, three-unit lags)
(Kampichler et al., 2012). Accordingly, we performed a time lag
analysis to examine the relation between NEE and rainfall (Eq. (1)).

NEEðtÞ � Rainf allðt�iÞ
t ¼ def ined intervals
i ¼ unit lags

ð1Þ

Eq. (1). Relation between NEE and rainfall
On these basis, two TLA (i.e. TLA1 and TLA2) were performed to

analyse the relationship between rainfall cumulated at various
time intervals and NEE. To perform the analysis, we followed 5
steps:

� The whole daily NEE dataset (i.e. 2010, 2011 and 2012) was first
smoothed by a 10-day mobile average in order to reduce short
term variability;

� NEE was cumulated at different intervals (i.e. daily, weekly, 10-
days, monthly, two-months, four-months) and then compared
with rainfall aggregated at the same time interval;

� TLA1: the correlation between NEE and lagged rainfall for the
intervals was assessed using the correlation coefficients (r)
calculated at each lag;

� The highest value of correlation coefficients was found using the
four-months window. Thus, the whole NEE dataset was divided
into three intervals highly consistent with the seasonal cycle of
olive tree (Gucci, 2012; http://www.stuard.it/allegato.asp?
ID=235733): WIN (winter period with low physiological activity,
from November to February); SPR (spring period with high
physiological activity, from March, to June) and SUF (summer-fall
period with high physiological stress and subsequent vegetation
recovery from July to October);

� TLA2: using the four-months interval, the NEE was correlated
with synchronous (lag = 0) and anterior rainfall data using the
determination coefficients (r2) by moving back rainfall by 1 day
at each step (up to lag = �180).

3. Results

3.1. Climate trend

Annual rainfall over the 1981–2012 period the study area
showed a wide inter-annual variability (mean = 626 mm; standard
deviation (d) = 128.4). In particular, the 3 study years can be
considered as highly representative of average and extreme
rainfall annual pattern. While 2012 is perfectly consistent with
the RAIN-LTA (anomaly = �0.3%), 2010 and 2011 well represent
both the extremes, with a positive anomaly of �+27.4% and a
negative one of �41.3%, respectively (Fig. 1).

The first year (2010) was markedly wetter than the others with
a total annual rainfall of 797.2 mm. However, the growing season
rainfall was almost consistent with the growing season RAIN-LTA.
The annual mean air temperature was only 0.3 �C higher than the
30 years average (14.8 �C) (Table 2). The seasonal rainfall
distribution reflected the typical Mediterranean climate, with
maximum monthly peaks in springtime (May, 96.4 mm) and
autumn (November, 189.4 mm). Maximum monthly mean air
temperature occurred in July, associated with maximum VPD
(Fig. 2).

Based on the four-months window, the first year (2010) was the
wetter during WIN and SPR both compared to 2011 (+176% and
+132%) and 2012 (+42% and +63%), than to RAIN-LTA (+74.9% and
+45.2%). However, the 2010 experienced dry conditions during SUF
with precipitation close to those of 2011 (+10%) but lower than
2012 (+29.5%) and RAIN LTA (-44.4%) (Table 3).

The second year (2011) was the driest of the past 30 years
record, both during the growing season (i.e. 205 mm) and along the
whole year (i.e. 367.2 mm). Annual mean temperature was
consistent with 2010 and 0.4 �C higher than the long-term average
(Table 2). The seasonal rainfall distribution indicated a dry
springtime (95.4 mm during March, April and May), with low
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Fig. 2. Daily pattern of meteorological variables (rainfall, cumulated rainfall, mean air temperature, solar radiation and vapor pressure deficit) collected in the study area
during 2010, 2011 and 2012.

Fig. 3. Daily pattern of NEE for 2010 (a), 2011 (b) and 2012 (c). Grey vertical bars
represent 95% confidence interval of the mean.
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rainfall both compared to the 30 years average (133.6 mm) and to
the previous year (207.2 mm). Despite a general scarcity of rainfall
over the year, July was characterized by a high and unusual amount
(51 mm). Maximum monthly mean air temperature occurred in
August, associated with maximum VPD (Fig. 2). Based on the four-
months window, all seasons precipitation in 2011 were lower than
2010 (-64%, �57% and �10%), 2012 (�49%, �29.5% and �26.8%),
and RAIN-LTA (�36.6%, �37.4% and �50.2%) (Table 3).

The third year (2012) was perfectly consistent with the RAIN-
LTA (624 mm). The annual mean temperature was about 0.7 �C
higher than long-term average (Table 2). The seasonal distribution
showed highest rainfall in spring (April, 65.8 mm) and autumn
(November, 174.2 mm), and a very dry summer: June and July were
characterized by total absence of rainfalls, while in August a very
low amount was observed (3.2 mm). Based on the four-months
window, the 2012 showed the seasonal precipitation closer to
RAIN-LTA than 2010 and 2011 (Table 3).

3.2. C-fluxes and energy exchange dynamics

During the first year of study the olive orchard recorded a
continuous and robust carbon uptake (Fig. 3). At daily time-scale,
NEE was on average �2.3 � 2 gC m�2 d�1, with the maximum
uptake recorded in early May (�6.6 � 1.1 gC m�2 d�1). In 2011 the
carbon balance was close to neutral: the average uptake was
�0.4 �1 gC m�2 d�1, with the maximum recorded in March
(-4.5 � 3 gC m�2 d�1). By contrast, the higher C-emissions were
observed in July (2.3 � 0.6 gC m�2 d�1) and in December (2.3 � 1.1
gC m�2 d�1). In 2012 NEE was on average �1.1 �1 gC m�2 d�1.
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The maximum uptake was recorded in April (�5.5 � 2.3 gC m�2

d�1) while the highest emission was observed in June (3.9 �
1.3 gC m�2 d�1).

NEE and the other major ecosystem C-flux components
partitioned into assimilatory and respiratory processes (i.e. GPP
Fig. 4. Monthly, seasonal and annual cumulated NEE, GPP and Reco and LE of the study are
95% confidence interval of the mean.
and Reco), and energy fluxes were also cumulated at monthly scale,
seasonal and annual scale (Table 4 and Fig. 4).

Monthly NEE showed the typical trend of the Mediterranean
woody vegetation, with the maximum physiological activity
mainly concentrated in spring and a partial autumnal recovery
a for the three years of measurements (2010, 2011 and 2012). Vertical bars represent



Table 4
Cumulated NEE, GPP, Reco and energy fluxes (LE and H) at seasonal (SPR + SUF) and annual scale for the three years of measurements.

2010 2011 2012 3yr_av

gC m�2 NEE SPR �333.1 � 26.9 �96.2 � 16 �179.6 � 16.3 �203.0 � 19.7
SUF �290.8 � 26.8 �33.7 � 11.6 �79.6 � 8.3 �134.7 � 15.5
Year �666.8 � 25.5 �136.7 � 13.2 �289.1 � 11.8 �364.2 � 19.1

GPP SPR 527.5 � 26.9 402.1 � 16.2 452.0 � 16.3 460.5 � 19.8
SUF 522.9 � 26.9 295.2 � 11.6 209.8 � 8.1 342.6 � 15.6
Year 1179 � 25.7 875.8 � 12.4 695.7 � 13.2 916.8 � 17.1

Reco SPR 210.3 � 8.7 306.0 � 3.9 270.8 � 3.2 262.4 � 5.3
SUF 228.8 � 5.5 261.5 � 3.6 130.1 � 2.1 206.8 � 3.7
Year 523.9 � 6.1 739.1 � 3.5 405 � 3.6 556 � 4.4

Wm�2 H SPR 51.3 � 2.6 86.7 � 2.7 58.4 � 2.7 65.5 � 2.7
SUF 67.1 � 3.3 60.5 � 2.4 48.5 � 2.9 58.7 � 2.9
Total 71 � 1.8 87.8 � 1.3 75.1 � 1.4 78 � 1.4

LE SPR 69.8 � 2.4 85.1 � 1.7 74.3 � 1.7 76.4 � 1.9
SUF 56.51 � 2.5 44.4 � 1.5 47 � 1.3 49.3 � 1.8
Total 58 � 1.5 48.5 � 0.8 51.5 � 0.8 52.7 � 1.2

Table 5
Correlation between monthly NEE and meteorological variables (air temperature,
rainfall and solar radiation) over the three years of study. Signif. codes: ‘***’ < 0.001;
‘**’ < 0.01 ‘ ’ < 0.1.

Year

Stat. Label 2010 2011 2012 2010-11-12

r Air Temp. 0.483 0.383 0.551 0.473**
Rainfall �0.109 0.129 �0.479 �0.286
Rad 0.443 0.404 0.751** 0.541***

p-value Air Temp. 0.111 0.219 0.063 0.003
Rainfall 0.735 0.689 0.115 0.091
Rad 0.149 0.193 0.005 0.001
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(Fig. 4). April was characterized by the highest NEE in 2010
(�131.5 �13.1 gC m�2) and 2012 (�63.5 � 9.9 gC m�2), while in
2011 it was recorded in March (�34.9 � 8.8 gC m�2). Summer
months were characterized by high uptake in 2010 (�73.4 �12.6
gC m�2 on average), while lower values were recorded in the
following years (�18.1 �6.5 gC m�2 and �13.8 � 5.8 gC m�2 for
2011 and 2012, respectively). Among the three vegetative seasons
(March-September) of this study, only in July 2011 there was a
positive NEE (3.2 � 6.6 gC m�2). The autumnal physiological
recovery was clear in September 2010 (�97.5 �13.1 gC m�2), while
it was less evident in 2011 (�13.1 �5.7 gC m�2) and almost absent
in 2012 (�0.6 � 3 gC m�2).

During the three study years the maximum GPP was observed
at different times (Fig. 4). In 2010 the high GPP was observed in
spring (124.3 � 6.9 gC m�2 on average), with the highest value in
April (144.9 � 2 gC m�2). Summer months, however, contributed
for a total of 484.3 � 37.9 gC m-2 (161.3 � 12.6 gC m�2 on average)
whilst July showed the highest GPP (187.2 � 12.5 gC m�2). In 2011
the highest GPP was found in June (126. 9 � 7.4 gC m�2) and the
period between late spring and early summer (i.e. May, June and
July) contributed for 351.1 � 22 gC m�2 which was about 40% of the
yearly total (875.8 � 13.4 gC m�2). On the contrary, in 2012 the
monthly maximum growth was observed in advance compared to
the previous years, with an April GPP of (144.1 �10 gC m�2). April,
May and June contributed for 363.2 � 21.8 gC m�2, more than 50%
of the annual GPP (694.1 �12.2 gC m�2).

Reco showed also the maximum monthly values at different
times during the three study years. In 2010, summer was
characterized by the highest respiration (88 � 6.1 gC m�2 on
average), with a peak in July (109.5 �1.7 gC m�2), while spring
respiration was about half (37.7 � 0.2 gC m�2 on average). In 2011,
summer months were similarly characterized by high respiration
(85 �1.1 gC m�2 on average) while spring respiration was also
sustained and twice larger than the previous year (71.7 � 1.6 gC
m�2 on average). The highest Reco was recorded in May
(109.3 � 1.7 gC m�2) and July (109.1 �1.5 gC m�2). By contrast, in
2012 spring was characterized by low respiration (62.3 � 0.9 gC
m�2 on average), while summer months showed a considerable
decrease (59.5 � 0.6 gC m�2) compared to the same months of 2010
and 2011 (-32.4% and �30.3%, respectively). The highest Reco was
recorded in June (84 �1 gC m�2).

Monthly energy fluxes (i.e. LE and H) showed different patterns.
During the three years of study, the latent heat (LE) showed highest
values in spring (69.8 � 2.4 W m�2, 85.1 �1.7 W m�2 and 74.3 �1.7
W m�2, on average). Maximum peaks were observed in July in 2010
(96.8 � 5.5 W m�2) and May 2011 (62.4 � 3.6 W m�2) and 2012
(77.2 � 4 W m�2). Sensible heat (H) showed the highest value in
summer only during 2010 (67.1 �3.3 W m�2, on average), with the
maximum peak observed in July (106.8 � 6.9 W m�2). On yearly
basis, the highest LE was observed in 2010 (58 � 1.5, W m�2, on
average), whilst the highest H was observed in 2011 (87.8 � 1.3
W m�2, on average)

3.3. Relations between NEE and climate conditions

In 2010 and 2011 the correlations between monthly NEE and
both air temperature and solar radiation were relatively low, while
NEE and rainfall were almost uncorrelated (Table 5). In 2012 the
correlations between NEE and air temperature (r = 0.551; p-
value = 0.063) and between NEE and solar radiation (r = 0.751; p-
value = 0.005) were higher and significant (Table 5), while even if
the correlation with rainfall was also higher (r = �0.479) compared
to that of two previous years, it did not provide any statistical
significance (Table 5).

When based on the entire study period of 3 years, statistically
significant correlations were observed between monthly NEE and
air temperature (r = 0.473; p-value = 0.003) and NEE and solar
radiation (r = 0.541; p-value = 0.001) whilst the correlation be-
tween NEE and rainfall was very low (r = �0.286, p-value = 0.091)
(Table 5).

Finally, TLA were performed to analyse the relationship
between rainfall cumulated at various time intervals and NEE.
For each one of the six intervals adopted TLA1 showed a peak of the
correlation coefficient around 120 days before the actual NEE
(Fig. 5). The highest value of correlation coefficients was found
using the four-months window (r = 0.77). Then, using the four-
months interval, the NEE was correlated with synchronous (lag = 0)
and anterior rainfall data using the determination coefficients (r2)
by moving back rainfall by 1 day at each step (up to lag = �180)
(TLA2, Fig. 6). Results showed the highest correlation for SPR
(R2 = 0.68) and SUF (R2 = 0.45) approximately 100 and 160/180 days
before the actual NEE, respectively. By contrast, no significant



Fig. 6. Determination coefficient (r2) between smoothed NEE and lagged rainfall calculated for each time-window (i.e. WIN, SPR and SUF) with synchronous (lag = 0) and
anterior rainfall data by moving back rainfall daily records by 1 day at each step (up to lag = 170).

Fig. 5. Time lag analysis between rainfall and NEE at different time step: a) daily; b) weekly; c) 10-days; d) monthly; e) two-months; f) four-months. For each time step
analyzed, time-lag analysis showed the higher correlation peaks around 120 days before the actual NEE.
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correlation was found between winter NEE and anterior cumulated
rainfall (Fig. 6).

4. Discussion and conclusions

The experimental period can be considered highly representa-
tive of the rainfall variability of the study area (Fig. 1). This peculiar
climatic pattern poses great value to the collected dataset, allowing
to derive relations between NEE and rainfall that can likely well
represent the long-term C dynamics in an adult Mediterranean
olive orchard.

Across the whole study period the olive orchard resulted overall
a net carbon sink. NEE was on average (i.e. 3.6 Mg ha�1 year�1, see
Table 4) comparable to several Italian forestry systems. Valentini
et al. (2000) observed that at Mediterranean latitude the forest
carbon accumulation is less than 6 Mg ha �1 year �1, whilst
Matteucci and Scarascia Mugnozza (2007), reported that the
Italian forestry capacity to sequester C is about 4 Mg ha �1 year �1.
Maselli et al. (2008), reported that during the period 1997–2003
the mean annual NEE values from eight Italian forest sites
belonging to the FLUXNET network ranged on average from 2 to
6.5 Mg ha �1 year �1. Similarly, Chiesi et al. (2011), showed that the
annual NEE measured by eddy covariance in two Italian forest sites
(i.e. a pine wood and an Holm oak forest) were 4.4 and 2.4 Mg ha
�1 year �1, respectively. Our results confirm the findings by
Zanotelli et al. (2013), suggesting that C-fluxes from long term
agro-ecosystem can be compared to natural forest ecosystems
growing in the same biome rank.
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Considerable differences were found among the 3 study years
(Tables 3 and 4). On yearly basis, NEE exhibited an extremely
variability that can be related to the susceptibility of the ecosystem
to climatic conditions and particularly to rainfall. Higher sink
indeed, was found over years characterized by higher amount of
rainfall, consistently with Luo et al. (2007) that found a
relationship between yearly rainfall and NEE, and with Xu and
Baldocchi (2004), which observed a correlation between total
photosynthesis and total annual rainfall. This relation can be
attributed to the effect of rainfall at recharging the soil water
content. Whilst under non-limiting soil water conditions, the key
controlling factors of C-fluxes are widely recognized to be light and
air temperature (Hernandez-Ramirez et al., 2011), in dry environ-
ments water availability can be considered as the most important
factor at driving the NEE-PAR response (Pingintha et al., 2010).

On daily basis, NEE semi-hourly variability (Fig. 3) was larger in
the first year (2010, Fig. 3a) with respect 2011 (+49%, on average)
and 2012 (+59%, on average), respectively (Fig. 3b and c). The larger
variability observed in 2010 was primarily due to the contribution
Fig. 7. Comparison of the mean monthly diurnal courses of GPP, NEE, H and LE of the oli
and 2012). Vertical bars represent 95% confidence interval of the mean.
of summer months, in which the NEE semi-hourly values were
more than two times greater compared to those of the other two
years. The highest NEE semi-hourly values indicated an higher
photosynthetic efficiency than the other two years. Since the
maximum photosynthetic efficiency is usually reached in absence
of limiting factors, the higher water availability during summer of
2010 may have allowed an uninterrupted photosynthetic activity
also during the hottest hours of the day. Therefore, in a period (i.e.
summer) where temperatures and radiation are not limiting, the
availability of water may have allowed the orchard to approach the
maximum photosynthetic efficiency and, as a consequence, to
exhibit highest C-uptake than observed in 2011 and 2012. This
condition was also suggested by the analysis of the mean monthly
diurnal courses of GPP, NEE, LE and H of the olive orchard at June,
July and August for the three years of measurements (Fig. 7). While
in 2010 the daily pattern of NEE, GPP and LE is approximately
symmetrical around solar noon, in 2011 and 2012 it showed an
asymmetry with a depression in the middle of the day. As indicated
by other studies (i.e. Jarosz et al., 2008; Damm et al., 2010), this
ve orchard at June, July and August for the three years of measurements (2010, 2011



L. Brilli et al. / Agriculture, Ecosystems and Environment 233 (2016) 147–157 155
pattern is consistent with water-stressed environments where
high temperatures in conjunction with low water availability can
cause stomata closure, thus resulting in reduced carbon uptake
around the middle of the day.

Despite in Mediterranean rainfed environments precipitation
should play a fundamental role in C-fluxes dynamics, no relations
were detected using simple statistical correlations. In arid and
semiarid regions, and in water-limited ecosystems, complex
linkages exist between rainfall and vegetation behaviour, as rain
is intermittent, unpredictable, and exhibits lag-effects (Ospina
et al., 2012; Li et al., 2015). To quantify temporal variation in the
patterns of relative dynamics a time lag analysis (TLA) is usually
applied (Angeler et al., 2009). TLA offered a more complete
assessment about the control of rainfall on NEE. Results showed
that the relation found between rainfall and NEE well reflects the
seasonal physiological activity of olive trees in Mediterranean area.

For spring time-window, TLA found the highest correlation
between actual NEE and cumulated rainfall approximately
100 days before the end of the same time-window (Fig. 4). This
result suggested that the C-uptake recorded during spring is
mainly driven by the total amount of rainfall recorded over the
same period. Such result is consistent with the photosynthetic
process that is highly sensitive to temperature, light and water
availability. Indeed, in Mediterranean environment, during spring
temperature and light tend to increase while photosynthetic
activity is mainly limited by water availability (Scott et al., 2012).
Therefore, a decline in rainfall may actually behave as the most
limiting condition for plants activity (Schroter et al., 2005; Resco
et al., 2007). Our results were consistent with several studies. For
instance, Oteros et al. (2013) observed that higher rainfall during
spring period increases the rate of phenological development.
Similarly, Rapoport et al. (2012) and Moorthy et al. (2011) indicated
that limited water availability during the whole floral phenophase
(i.e. spring) can affect the olive trees development and, in turn, its
photosynthetic efficiency.

For summer-fall time-window, TLA indicated the highest
correlation between actual NEE and cumulated rainfall approxi-
mately 150–180 days before the end of the same time-window
(Fig. 4). This result suggested that also the C-uptake recorded
during summer-fall is mainly driven by the spring rainfall and it
may be explained by the combined effect of spring rainfall and
olive tree physiology. The spring rainfall through the increase of
soil water at the beginning of the growing season had a large
impact on this rainfed agro-ecosystem in semi-arid region since it
contributed to extend the soil water availability also over dry
months. This is consistent with Scott et al. (2012), that indicated as
in Mediterranean areas water tends to accumulate in soil until
energy inputs (radiation and temperature) rise up. Then, the effect
of spring rainfall on soil water content was reinforced by the
particular physiology of olive tree that, as indicated by Connor
(2005), relies on conservative water use in spring with the aim of
reducing the extent and intensity of the summer drought. Our
results were consistent with literature: in a study carried out in a
Mediterranean climate (California), Ma et al. (2007) observed that
spring-time rainfall was the predominant factor driving inter-
annual differences in NEE over an oak/grass savanna site. Similarly,
Kwon et al. (2008) by analyzing a semi-arid climate ecosystem
observed different responses of NEE across two growing season
characterized by dissimilar spring rainfall. Moreover, they also
suggested that the inter-seasonal variability in rainfall can cause
clear differences in the patterns and total amount of NEE at
different time scale.

The absence of correlation with the rainfall of the same period,
was likely related to the prolonged dry and hot periods and the
type of precipitation (i.e. size and intensity) that characterize the
Mediterranean summers. Olive tree can tolerate prolonged dry
periods because of typical adjustments that allow higher resis-
tance to gas diffusion in the leaf such as the reduction of
intercellular volume spaces within tissues (Bongi and Long, 1987;
Gucci,1998). However, the combined impacts of high temperatures
and lack of precipitation are expected to lead to water stress. When
water stress is particularly severe, it leads to photosynthesis and
metabolic activity reduction with possible prolonged and perma-
nent damages that, in turn, can delay the photosynthetic activity
recovery (Sorrentino, 2001). This condition was clearly observed in
September 2012 (Table 4), where rainfall events after a very
prolonged dry period did not positively contribute to the recovery
of photosynthesis. This evidence is consistent with several studies.
For instance, Sorrentino, (2001) indicated that the maximum
photosynthetic capacity of olive tree can be completely re-instated
only after the complete rebuilding of photosynthetic metabolism.
Fereres et al. (1996) in a 22 years old olive orchard observed a
stomatal conductance recovery after several weeks from the re-
hydration of the water potential. Moreover, the type of precipita-
tion recorded during summer-fall may have played an important
role in the soil water recharge. In this period rainfall was
characterized by sporadic and high intensity episodes: in July
2011 almost all the precipitation was concentrated in two events
with more than 20 mm. Similarly, in September 2012 two events
characterized by rainfall higher than 25 mm were recorded. They
represented about 40% and 65% of the total summer-fall rainfall for
2011 and 2012, respectively. The contribution of these extreme
episodes at recharging the soil water capacity cannot be compared
to regular rainfall events. Soil infiltration capacity is usually
limited, therefore large rainfall events can more easily lead to an
increase in surface run-off and evaporation from soil, rather than
contributing to recharge the water table (Nitsch et al., 2008).
Accordingly, soil water availability for plants may have not
increased, thus leading further reduction of photosynthesis and,
in turn, C-uptake during summer-fall.

Finally, the effect of moisture storage and carry over between
the years (i.e. from a wet to dry year (from 2010 to 2011) or the
reverse (from 2011 to 2012)) was not clearly observed. A possible
explanation of that is the dry periods are especially concentrated in
the spring and summer seasons, therefore autumn and winter
rainfall is likely capable of restoring adequate water levels for the
following year. Also, since the available soil water capacity at this
site is relatively low (i.e. 60–90 mm) it is likely that orchards
respond more at relatively short term time scales. This was
confirmed by the time lag analysis in which we found that C-flux
responds mostly at a 4-months’ time scale.

In conclusion, our study provided these evidences: i) a typical
managed olive orchards was on average a carbon sink almost
comparable with other Italian forestry ecosystems along the three
years of study; ii) the magnitude of yearly NEE was found highly
correlated with annual rainfall regimes; iii) variability in precipi-
tation may strongly affect inter-seasonal C-fluxes whilst the spring
rainfall resulted to be the main driver for spring and summer NEE.

Results from this study also suggest to adopt agronomic
practices aimed at increasing soil water content in rainfed
orchards. Grass cutting and mulching may reduce the competition
for water and nutrients between trees and ground vegetation, also
reducing water loss as evapotranspiration (Andersen et al., 2013).
When mechanical control of grass cannot be applied, sheep grazing
can be a suitable alternative. Inter cropping could improve water-
use-efficiency via intensifying vegetation (i.e. full use of cropland
water by plant roots, increase the water storage in root zone)
(Zhang et al., 2012) and via reducing evapotranspiration (i.e. less
inter-row evaporation and control excessive transpiration). The
adoption of these agronomic practice may be useful for limiting the
impacts of future climate conditions on olive orchard C-seques-
tration capacity.
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